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FIGURE 1.1 - VUYxamples of World lModel
Scenes.
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I, INTRODUCTION,

In order to get a computer to dual with the physlical world |t
must have a data representation on which computations Invelving
space, tlme, shape, size, and the appearance of things can be donse.
It Is my current prejudice that polyhedra provide the proper starting
polnt for bullding such a physloal worlid representation, At Stanford
Aptificial [nteilegence, Binford and Agin have started |nstead wlth
sp!né-cross section models as an alternate approach to the same

protlems Creference 13, Other researchers with somewhat different
goa|s, are attempting to build semantic, predjcate calculus, probiem
SO'V'ngo or stapteqy planni g World mydels, In apy ovept, this

paper !s about a body, face, edge, vertex polyhedron mode| that |s
for modeling obJec¥s and scenes of opjects ¥or the sake of computer
viston.

Although the gata structure to be discussed Is not Ianguage
dePenaént, the terminjogy and exampjles wil| follow ALGQL and LISP.
Alsos the reader is assumed to hgVe some acQuUaintance wWith the Ideas
associated with the following technical terms:

block, nodes, ltem, e|ament, atom,

IInk, polnter, address, reference.

datum, cgntent, value,

l1st, ring, stack, pdl, trese,

dynamic free storage & memory allocatlon,

MO QD>
S 40 40 90 o0

A  ¢"crough presentation of these terms and |deas can pe found in
chapter two of volume one of Knuth’s cookbook, ‘The Art of Computer
Ppogramring’ (Reference 7], The word "ring"” used informally In this
paper Wil always mean a double polnter ring with a head; and as in
LISP, Words of memory happen to be ablié to hold two polinters.

—
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1, A, Iintroduction to World Madeiing,

1 wlil Introduce my requirements for & computer mods| of ¢the
physical world In terms of Its rci® ag & memory, AsS a msmory, a
world mode| has contents and an addressing mechanism, The kinds of
date that | wish t2 hold In my world model are:

CONTENT REQUIREMENTS
1, topological date,
2, Geometrio data,
3, Photometric data,
&, Parts troe data,

Topological data has to do with the notlsn of nelghborhood; a
worid mode! has data on what is next to what, A face, edge, Vvartex
mode! |s essentialiy dedicated to surface topology; matters of volume
tonolofy are not stored but rather must be computed., Geometric data
hgs t0 do With natlons such s locus, length, area and Yolume,
Photometpic date ingludes the loous and nature of [ight sources, as
wel| as data on how surfaces ref|ect, absord and scatter |Ight, Parts
tres data has to do wlith the netlon that objeots are composed of
parts, which | construe as data on the structure of the physlcal
World rather than as purely an artifact of having structured World
data’ that |z, | prefar to have the speciflcation of how an entity ls
broken into parts be external to my wor|d model, The kinds of data
not included are somantic data {other than body names)’ physical data
such as mass, !nartia tensors, electrical properties and soc _on} and
cultura| date such as Whether an obJect :s & toy, tool, or Weapon;
with any artlistic, relligious or markst value,

Next the kinds of addrasslng mechanigms 1 wish to have, (or
aquivalently the input=output modes of the mode!) are:

ACCESSING REQUIREMENTS
1, Appegrance = Qgiven o caMerg, return gn imgge of
what the world would look jike from that camera,
2, Recognition = given an Image, return ths objecte
trom the world modei that appear in that lmage,
3, Camera Solutien <« givon a recognized image,
tind the location & orlentation of the camera,
4, perception = glven Images, from solved cameras,
olace new bodies (nto tha mode! for portlons of
the Images that have nuc yet been recognlzed,
S, Spatial Accessing = glven a jocus and radlus,
raturn the portions of obJects in that sohere,

Clsarly, these ara the high |eve| acoessing requirsments which are
the reasons for having a world mode| and the des!gn goals for mode]
tyftating,
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FIGULRE 1.3 - A Camera iiodel.
FIGURE 1.4 - Logical and Phivsical Paster Sizes.

LDX = 16 columns

LDY = 12
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I, By Introduction to a Camera Mode],

As the accessing requirements imply, & worid modol,rOQUI?es a
special entity cajied a camera which s uesed to model image
formetion, Although the camera mode| is Important here for a complete
specification of the data, It may be skipped on a first reading. The
particular camera model ! have been using lately, Is expressed by
eighteen real numbers Involving nine degrees of freadom, Ffrst there
Is the camepa lons center |Ocus!t

CX» CY, C2, In world coordinates,

Afized to the lens center Is the camera frame of reference wlith unlt
vectors i, J and k, when the Image formed by the camera Is piaced in
sorrespondence %o a display screen, as liiustrated in figure 1.3, ths
unit Veetor | maps into the rightward positive x of the display
screen; and the unit vector J maps Into the upward positive y of ¢the
#isplay screen, and the unit vegtor k comes out of the display sScreen
to form a rlight handed coorcdinate system, Together the three unlt
vectors of the ocamera are the three by three rotation matrelx:

IXe 1Y, 12

JXe JYs JB in world coordinates,

KXo KYe K2

NeXt, thers ars three scales whigh ¢etermine the gorzespondepnce
betwoen worid slze ang rmago size, Observe thgt the world |s measured
in physical units of [ength |ike meters or feet whlis computer Images
come In integral sizes |lke {024 by 1824 or 430 rows DY 512 columns,
thus the conversion scaiss myst be In terms of jogical Image units
cer physlocaj worid units, In an actua| tslevision camera a minute
image (say Smm by 12mm) Ils formed an a vidizon tube and that image
has a Particular number of rows ard columns, It |s the |[lttle Imags
on the vidlicon that we pretend to made! by the six parameterst

LDX, LDY, LDZ Logicel ~aster =lze,
PDX, PDY, FOCAL Phusicel raster size,

Wheeo the numboe named FOCAL, is the focal plans distance whlch !n
this model (with digiant oblJacts) can safely do equsted wizh the jens
fosal length and can be given In mi|limaters {cOnventiona! lens run
12,5mm to 7smm for 3" TV). The integer LDZ Is an artifact so that
the unlits oceme out correctiy in the 3 dimension, Thus ¢thke scalts
factors are dsfined,

SCALEX ¢« =FOCAL®LDX/PDX}
SCALEY « FOCALSLOY/PDT}
SCALEZ « FICALeLDZ}

Thies simple camera mods| 8 U30d ¢t compute vertex lma?a
coCrdingtes, A more wiaboraie physical cameprg medel| can Se found In
Sobel (reference 91,

PSS U S gy
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I. Cv Introduction to Body, Face, Edge, Vertex (BFEV) Mode|ing,

This introdyction ¢to BFEV modeling wlil be Informal and
specific to the winged edge mode| presented in part-11 of thls paper,
Many of ¢he basic numerfoal rejations which make BFEV modais
important are stated in ALGOL notatien without proof,

The Vertex,

A vertex s an Instance of a point !rn a Eugildean thpee
space, The important thing about a veertex is i¢s world jocus (with

component names XWC,YWC,ZWC standing for worlide=coordinates), vertex
loci! aps tha basic geometric data from which length, &rea, volume,
face Vvectors and image positions cen be computed, Aiso a vertex may
exist simyltansous|y in one or more image sSpaces, AN |[mage space
(with oomponent names XPP,YPP,ZPP standing for perspectivesprojscted)
s always threes dimgnsional and Is determined with respect to a gliven
camera ocentered coordinate system (with component names XCC,YCC,2CC
standing for camera~-coordinates), The third image component, 2ZPP,
Is taken Inversely nproportional to the distange of the vertex feom
the camera Image opjane, 2CC., Using the camera of the previous
ssction, The <transformation of a vertex world {ocius to & camera
centéred |ocus iss

X ¢ XWC = CX}
Y « YWC = CYs
2 « ZWC - C23

XCC & IN#X ¢ JYsY ¢ lZ2aZ;
YCC & JXaX + JY&Y « JZai)
2CC « KX#X + KYaY + KZeaZ}

The first three assignment statements are the transiation to
the camera frame’'s orlgin, the second three assignments are the
rotation to the camera frame’s orientation, Next the perspective
projection transformation Is computedy

XPP + SCALEX#XCC/ZCC)
YPF « SCALEYeYCC/2CCy
ZPP « SCALEZ /72CCy

Tha XPP and YPP assignments ar¢ derived by means of simij|ar
triangles, as Is belng done by ¢the man In figure 1,55 the Zop
essidnment Is for preserving the depth information and the
colinsarity of the worid in the psrspective proJected Image space, As
Glven, the PP frame is right handed and verticos In front of ¢the
camera’s image olane will have negative 2pp; Zpp valueg near =FOCAL
ape Close to the camera and values approaching Zero are far away,

A final matter wlith respect to vertices |s thelr vajsnce. The
Valence of g vartex Is the numper Of edges thgt meet gt the veptex, A
vertex valence of three, for example, Indicates a trlhedral corner,
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I, Cs Introduction to BFEV Mode|ling, (continuad),
The tdde,

For a start, the structure of an edge need be thought of as
Iittle more than twg vertices; the topological subtliety of edges wii|
be explained later, However, two vertices do define tha Imnortant
georetric ecge data calied the 20 line coefficients, Named 4AA, BB,
CCs these coefflcients are computed from the perspective locus of the
edge’s endpolnts as fol|lows?

AA « YL =~ Y23
BB « X2 = X1
CC « X1aY2 « X2#Y3;

These coefflcients appear In the 2D equation of the |ine that
contairs the edge:
0 = AA»X + BBeY + CC3

wher the edge coefficients are normalized:

L « SQRT(AA+2+BB+*2);
AA & AA/L:
B8 « BB/LS
CC « CC/L3

the line equation gives the distance, of a point X,Y from the lines
0 « AAsYX + 3BeY + CC;

The distance is actyally A8S(Q), since @ is negative on ons gide s ide
¢cf the |ine; alsg if one were standing on the plane at point Xi,Y1
facing x2,Y2 the 4 positive half-plane would be on your left and the
0 revative half nlane woula be on Your right.

An Importamnt operation on two edges S to dutect whether Or
rot they intersect: this canh be declded by checking first whether the
endpoints of one egdge are in the opposite half planes of the other
edge, ard second whether the aendpolints of th, jatter edge are In the
opnosite half planes of the first. Whan bo conditions obtain, then
the intersection poijnt can be found:

T « (AleB2 = A2#B1);
X « (BleC2 - B2#C1)/7;
Y » (A24C1 = A12C2)/T;

An actual! compare for Intersection should initially check for the
igentity case, and for edgss with a vertex in common,
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I, Cv Introduction to BFEV Mede]ing, (continued),

The Face,

A face Is a finjte reglon of opilane enclosed by s%raloht
|ines, A safe formal face structure could be bullt by defining a
triangle as three nonecolinear vertices and then Insicting that all
faces be ¢trlangle interlors, Unhappily, BFEV faces are usually
represented as a |lst of vertices and edges (or by something nearly
squivalent) for the sake of saving aemory space, Such *|ist’ fages
are not monolithic bput tend %o suffer special cases and pathologles
sych asi

Colncident or crossing edges,
Holes and Disjointness,
Concavity (& Convexity),
Noneconianarity,

0 Like edges, fuces have character|stic coefficients, Face coefficlents
: satisfy the equation of a plane [n which the face |s embadded:

AAsX + BBsY + CCeZ2 = KK,

The eguation could pe divided by KK, but that !s uadesirable because
the AA, BB, CC are more useful as a unit normail vector, In which case

U KK Is the distance of the origin from the plane, Given the locli of
thre® non-colinear vertices, the coefficients of a plane can be
corputed by Kramer’s rulc as follows?

KK ¢ Xqe(220Y3=Y2#Z3)
+ Yia(X2nZ23=Z24X3)

& + 21e(Y26X3=X2#Y3)}
AA o (Z18(Y2-Y3) + 220(Y3eyl) ¢ Z3a(Y1eY2));
BB e (X18(Z22-23) + X2#(23=21) + XIe(Z1-22));
cc o (X10(Y3=Y2) + X20(YL{~Y3) + X3e(Y2=Y1))}
¢ and normalized:
» ABC « SQRT(AA®2 + BB*2 + CC*2)}
AA « AA/ABC:
| BB « BB/ABC;
CC « CC/ABC;
i KK « KK/ABC;

) 1f the glven vertices Vi, V2, V3 had be#n taken golng counTOr
clockwlise about the face as viewed from the exterior of ¢the solid,

ther. the following relations obtaing

AAnX + BBeY + CC#Z € KK Imp|ies X,Y,E above the plane,
AAeX + BBaY + CC#2 = KK Imp|les X,Y,Z in the plane,

AAey + BBay + CCe#2 > KK imp|les XsYs2 below the plans,

Face coefficiants prove usofu! In both world and image coord|nates.

| f
p
. . . - - a betanetnittnde b e - i
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1. Cv Irtrodyction to BFEV Modeling, (contlinued),
POLYHEDRA, BODIES and OBJECTS,

In elementary geometry, a polyhedron Is said to be a solid
forred (or bounded) by plane faces; the word "“poliyhedron" [iterally
reaning "manye-faced", Topoiogically, simpie polyhedra satisfy
fyler’s F-E+V=2 equation; where F, E and V are the number of faces,
ed9esS and vertices cf the polyhedron respectively, This equation was
knewn to Descartes in 1643, but the first proof wasn’t glven until
1752, when Euler oproved the relatlon by considering the Ggraph
corresponding to the edges of poiyhedra, A simple polyhedron is one
noreomorphic to a sphere. The rligorcus deveiopment of volume measure,
and in turn ‘solid’ polyhedra, is not simple; thus it has been easler
to take the “*opojoglcal notlon F=E+y=2 as the more orimitive
definition of a coiyhedron on which to base a data structure and to
orccesd towards the appearance of ‘solidness’ which s a more
corplicatea noiion,

] Counter to the usual usuage, | defino the word "body" to mean
an entity more spegific than a polyhedron; the idea being that a
polynecron Is reoresented by the whole structure of bodles, faces,
edges and vertices, Bocdies may have location, orfientation and volume

) tn space, Bodies may be conected to faces, edges and vertlces, which

- may or may not form a complete polvhedron, %t is typical! to have

only one body to a polyhedron whaen repressnting a rigid obJject like a

sleg9e hammer and several bodies to a polyhedron when representing a

fiexible obJect |ike a man, Furthermore, the body concept !s used to

haraole the notion of parts and abstract regional obJegcts such as a

carking lot, For exampcle, the Stanford Al Parking Lot s

recréseénted by a body that has three parts: the Neur, Mid and Far

Lots. The Near Lot then has aisies and lanes and lamp Islands; a lamp

island has a curh and two lamps; a lamp has a base, stem and tep,

This parts structure is carried In body nodes, Finally, the word

"object” will be used to refer to physical objects such as a

redwoo0=%trae, building, or roadway,

Preceding Page blank
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Figyre 1,6
FACE PERIMETER = a face is surrounded by edges and vertices,
VERTEX
[
/7 \
/ \
/ \
/ \
EDGE \ EDGE
/ \
/ FACE \
/ \
/ \
/ \
VERTEX .---------..-----o--cn-. VERTEX
EDGE
Figure 1.7 .
VERTEX PERIMETER « a vertex is surrounded by ed3es and faces,
ED?E
|
FACE | FACE
|
® VERTEX
/7 \
/ \
/ \
/ \
/ FACE \
EDGE EDGE
FigU?O 1.8
EpGe PERIMETER = an sdge Is surrounded by 2 faces 2 2 vertlces,
VERTEX
[ ]
I
|
FACE £ FACE
|
l
[ ]
VERTEX
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1, Co lrtroductlion to BFEV Modelina, {(continued),
FOUR KINDS OF BFEYV ACCESSING,

Accessing by namé@ and serial numher.
Parts-Tree Accessing,

FEV Sequential Accessing,

FEV Perlimeter Accessing,

SN/ o
e o o o

A BFEV mgcel has four kinds of accessing, The most
conventional BFEV access is retrleval oy symboli¢ name whigh reguires
a symbpl tabie, Next, botween hodlec there |s Parts~Tree accessing,
At the top of the Parts-Tree is a spsclal body named the worlid to
which all the other Dodies are attached; thus the worlc¢ body serves
as an UBLIST node, Given a particular body, a ilst of its sub-parts
can b©ve retrieved as well as its supra=-part or "supart", 4 supart is
the whole entity to which a part belongs, the Worid being its own
surarts

within each booy thepe ls face, sdge and vertex gsoguentlial

accessing, Given a ocody, all its faces, or edges, or vertlces need to
be readily availad'e since nerspective projection loops thru all the
vertices, and the process of display clipping 1loops ¢thru all the

e4%es, and the act of checking for body Intersection loons thru all
the taces. In L]Sc, cne might provide FEV sequential accessing by
piacing a list of faces, a list of edges and a |ist of vertices on
the property list of eacn bhody, so that a cube might be repréesented
ag:

(LEFPROP CUSE (F1 F2 F3 F4 F5 F6) FACES)
(DEFPRUP cUBE (g1 F2 E3 E4 E5 E6 E7 E8 E9 E10 E11 :12)£006ES)
(DEFpRoP SUSE (y1 V2 V3 V4 V5 V¥6 V7 V8) VERTTICES)

Finally, among the faces, edges and vertices of a pbody there
is cerireter accessing, Faces have a perimeter of edges and vertices
(figure 1,61 less commonly used, vertices have a perimetar of edges
anc taces [(figure 1,73); ana of onarticular note, edges hrave a
perimeter always formed by two faces and two vertices, [flgure 1,83,
Perimeter accessing requires that alven a face, edge or vertex, that
the periretar of that entity be readlly accessible, Since the surface
of a polyhedron is orientable, that Is has a well defined Inside and
outsige, (xlein bottles With their crosscaps will not ba modeled),
suchk perlmeter |lists can be ordered (say clockwise) with respect to
the exterior of the polyhedron, Perimeter agccessing is mentioned in
GuzZran [refepence 61 and Falk [refeprence 4) and is the underlylna
basis of oart=]] of this paper which presents a pnolyheadrcn model|
bulit for accessing and alsering face, edge and vertex perimeters,
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Figuyre 2,1 = BASIC NODE STRUCTURE,

BoOY~-BLOCK FACE=BLOCK EDGE=-BLOCK VERTEX=BLOCK
=3, part.copprt|=3, -3, 3, XW
-2, =2 '2. w2, YWC
=1 =1, “3, =1, ZWC
2. type 2. type B, type 2. type
+1, nface,pface |+1, nface,pface |+1, nface,pfage |[+1,
42, ned,ped +2, ped +2, ned,ped +2, ped
+3, nvt,pvt +3, +3, nvt,pvt +3, nvt,pve
+4, 4, +4, NnCW,pOW 4,
+5, +5, +5, ncew.pocw +5,
[*6s od- 1 6, 6,
5 wopds 2 words 6 words 5 wWords

Figyre 2,2 = THE WINGED EDGE,
(As viewed from the exterior of a solid),

\ /
NCCW(E) \ / PCH(E)
\ /

N/

N/

e PVT(E)

|

|
NFACE(E) 13 PFACE(E)

!

|

°

NVT(E)

Flogure 2,3 = AN

/7 \
/ N\

/ \

NCW(E) /
/

\ PCCHW(E)

\

ACTUAL NODE STRUCTURE =~ SEPTEMEER 1972,

|BOOY=-BLOCK FASE:BLQQ&_____JEgEEigLQEK V§BI§!E§LQ£5___
“3, part,copart j~3. AA *d, =J. XW
«2, locor -2, BB -2, BB ~2, YWC
~1, pnare, -1, CC -1, CC =1, ZWC
9, type,serlal]| 2. type,serial | 8, type,serial}l &, type,serial
+1, nface,pface |+1, nface,pface {+1, nface,pface j¢+1, XDC,TJoint
+2, ned,ned +2, ped +2, ned,ped +2, Y0C,ped
+3, nvt,pvt +3, QQ +3, nvt,pvt +3, nvt,pvt
+4, Feng,vVent +4, KK +4, NCW,pCwW «4, XPP
+5, Ecnt,Pent [+5, +5, ncow,pcecw [+5, YPP
+6, nbody,pbody 1+6, alt, +6, alt,pbody _I+6, Zpp

—— A .
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PahT=1l, THE WINGEL E£30F 2aTa STRUCTJRE,
o

IT. A, Winged Edge 2aga Structure.

Boales, Faces, Edges and Vertices ar® representee opy GlocKs
of contiguously aadressed words, A single block size ¢f “an ~crds is
adegquate, A single word, like a LISP node, can hold two addresses or
a floating polnt nymber, The BFEY blocks are pointec zt Ly tne
address of their woed numbered zero which contains c¢oatroi Di%s
Incicating whether the block Is a body, face, @8dgs or vertex, Figura
2,1 illustrates the block format tnat is being presented as an
exaroie of a winged edge data structure; a minima| numper of words
for ea2ch block Is indicated.

The basic geometric datum 1Is the vertex locus, w“ich |s
stored in three words of each vertex block at positions =3, =2, -1;
these positions are named XWC» YAC» ZWC respectively: the letters
"wC" stanging for "world coordinates",

The baslic tonological data are the three rinas of the body:
(a ring of faces, a ring of adges, and a ring of vertices) and the
wingeg edge pointers (eight such pointers In each edoe block,anrd one
sucr pointer In each face and vertex olock), The face, edge and
vertex pring polnters are stored at positions +1, +2, +3; eacnh
position has twg nanmes: NFACE, ED, NVT for the |eft pointers
respéctively; and PFACE, PEC, FyT for the right, A face, edge or
vertex can only belong to one body and so there is only 2ne body node
in a Glven face, edge or vertex ring: and that body node serves as
the head of the ring, The reason for double pointer rings |s for the
sake of rapld celetion: other minor advantages would not Justify the
use of gouble rings,

The eight WINGED opointers of an odge block Ingjude: two
pointers to the faces of that 2dge, two pointers to the vertices of
that egde, and four pointers to the next adges ciockwise and counter
clockaige in each of that eduye’s two faces; these last four ocinters
are called the wings of that edge, As flgure 2.2 sug9gests, four of
these ejght polnters are stored In the same positions and referred te
by the sane nameg as the face and vertex rin3 pointers: namely ¢the
NFACE, PFACE, NVT and PVT pointers, There are four ways i{n which a
pair Of faces an? a zair of vertices cam be placed Into tme t<o face
Positions and tWwo vertex positions of an edge; by constralining <these
choices two blts are imollcitly encoded, orna bit is calleg the edge
parity, and the other is called the surface rarity; these 3sits are
explained |ater, Ffinally, the single winged edge pointsr found in
faces and vertices s kept in the position named PED and it points to
one of the edges telongin3d tc that face or vertex,

Althouah the vertices in figure 2,2 are shown wit™ three
eddes, vertices may have any number of edges; those other o2ctential
edges Would not ne wirectly connected to £ and so were not shown,
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A SUMMARY OF WINGED EDGE OPERATIONS,

DYNAMIC STORAGE ALLOCATION,
1, 3 « GETBLK(SIZE)S
2 RELBLK(Q,S1Z2E)s
BFEV MAKE & KILL OPERATIONS,
1, BNEW « MKB(B)} KLB(BNEW);
2, FNEW = MKF(R)} KLF(B,FNEW)}
3, ENEW & MKE(B); KLE(B,ENEW)
4, VNEW « MKV(B); KLV(B,VNEW)}
FETCH LINK AND STORE LINK OPERAT]ONS,
1, F « NFACE(Q); F « PFACE(Q)S NFACE,(F,Q)3 PFACE,(F,0);
2, E « NED(O)Y} € « NED{Q); NED,.(E,Q); PED.(E,Q);
3, V « NVT(Q): V e NVT(Q)} NVT . (V,0)3 PVT.(V,Q)s
4, A + NCW(E)} A « PCW(E)} NCW.(A,E)3  PCW.(A,E)
5, A = NCCW(E); A « PCCHW(E); NCCW,(A,E)3 PCCW,(A,E)s
WING LINK OPERATIONS,
1. WING(EL,E2);
2, INVERT(E);
PERIMETZR FETCH OPERATIONS.
1, £ « ECW(E,Q)s
2. E « ECCH(E,Q);
3. F &« FCW(E, V)
4, F o+ FCCH(EIV)}
5. V ¢« VCW(E,F);
6, V & VCCW(EsF)}
7. Q « OTHER(E,Q);
PARTS TREE OPERATIONS,
1, B +« PART(S); B + COPART(B)
2. B « BODY(Q); B « 88PART§S>§
3, ATT(B1,82y; ATTACH(BL,B2):
4, DET(B)} DETACH(B);

w
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[I. B, The Winged ta3ge QJperations.
Dyraric Storage Allgcation,

At the Very bo+ttonm, of what is becoming a rather deez rest of
priritives withia primitives, are the two d¥namic storage aliccation
furctions GETBLK and RELBLK. GETBLK allocates from 2 to 4K words of
merory space in a contiguous block and returns the machine adaress cof
the tirst word of tnat block, RELBLK releases the indicates block to
the availaole free memory Space, (It is sad that the machines of our
day 00 rot come witn dynanic free storage), A good reference for
implemeprting sucn dynamie storage, mentioned earliep, Is Knyth
[referense 7)., Altnough a fixed block size of ten or fewer words canr
be made to hangle the 3FSv entities, grandiose and fickle research
applications (as «~2il as memory use optimization) geman” the
flexibllity of a variable block size,

BFty Make & Kili{ Cperations.

Just above the free storage routires are the four pairs of
rake ang kill operations, The MKB operation Creates & body bHlock and
attacheés it as a sub-part of the given body, The world bedy always
exigts so that MKB(WORLD) will make a body attached to the world, In
this obpaper, the +terms ‘attach’ and ‘detach’ refer to operations on
tha tarts-tree |inkages. The FEV make operations: MKF, »Kz, wmKy
create the corresponding FEV entities and place tne~ ir their
resrective FEV rings of tha given pody. In the current
Implegmentation, thg FEV makgrs Set thng t¥Pe pits of the gntityY: ang
‘nCreﬂent the prop€r total FEv Countero &S W8|| as the praopér body
FEV counter In the given vpody’s node, (the Fent, Ecnt, Vcrt node
positions are shown in figure 2,3), The kill operations: KLS5, KLF,
KLE, arg KLV; celete the entity from its ring (or remove !t from the
parts-tree), release its space by ca!ling RELBLK, anu then decrement
the appropriate counters, The body of the entity is meeded oy the
kill primitives and can be provide directly as an argument or if
rissing, wiil oe found in the data by the primitive itself,

Fetch Link and Store Link Jperations,

Each of the fetzch link and store 1Ink oparations namad in the
surraryY is a singzle machine Instruction that ancesses the
corresponding |ink position in A node, Once BFEV nodes exist, wlth
their rings and parts-tree already in place; the fetch a~d stcre !ink
operations are used to construct or modify a polyhearon’: :.-fage, At
this lowest level, constructing a poiyhedron requires <nrge Steps:
first the two vertex andg two face pointers are placed ints each edge
In counter clockwise order as they appear when that 8dge s Vieweg
fror the wexterior of the solld; second an =2dge pointer is vizced in
each face and vertex, sc that one can later get from a given face or
vertex to one of its edges; and third the edde wings are }inkea so
thay al] tnhe orderes perimeter accessing operations describeo below
wil] wopk, Wing linking is facilitated by the JING operaticn.
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new / \ pccw

/7 nvt \

FIGURE 2,4 = MIDPOINT EXAMPLE (se» text on page 22).

INTEGER PROCEDURE MIDPOINT (INTEGER E);
BEGIN “"MIDPOINT®
INTEGER B,ENEW,VNEW,V1,V2;

CREATE A NEW EDGE AND VERTEX)
B « BODY(E);
VNEW & MKV(B);
ENEW « MKE(B);

GET VERTICES AND FACES CONNECTED 7O EODGES;
PVT(PVT(E) ,ENEW)}
PVT"VNEHOE)’
NVT, CUNEW,ENEW? S
PFACE, (PFACE(E) ,ENEW);
NFACE . (NFACE(E),ENEW):

GET EDGES CONNcCTED TO VERTICES:
IF PED(V)SE THEN PED,(ENEW,V);
PED, (ENEW, VNEW)}

LINK THE WINGS TOGETHER}
WING(NCCW(E),ENEH) JNING(PCHW(E) ,ENEW)
NCW, {E,ENEW); PCCH, (E,ENEW)}
PCW,(ENEW,E)INCCW, (ENEW,E)

PLACE VNEW AT MIDPCINT POSITION;
Vi « PVT(ENEW)} V2 » NVT(E);

XHC(VNEW) « (XWC(VL)I+XWC(V2)) # G.5;
YWC(VYNEW) « (YAC(VL)+YWC(V2)) » 0.5}
ZHNC(VNEW) « (ZWC(VL)+EZWC(V2)) » 0.5

RETURN(VNEW)
END "MIDPOINT";

A G e @
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The wing Link Operaticn,

The WING operation stores edge pointers into edges so that
the face perimeters end vertex nperimeters are made; an¢ so0 that
surfac@ parity is preserved, Given two edges which have a vertex and
a face in common, the WING operation places the first edse in the
proger relationshlp (PCW, NCCW, NCW, or PCCW) with respect to the
second, and the second In the proper relatlonship with respect to the
first, The INVERT operation swaps the vertex, face, clockwise wing,
and counter clockwise wing pointers of an edge, INVERT creserves
surface parlty, but fl!ips edge parlty.

The Midpoint Example,

In figure 2,4 an example of how the operatlions gfven so far
coula be used to code a midpoint primitive s shown, The example
miapoint oprimitive takes an edge argument and splits it in two by
making a new edge and a new vertex and by placing them into the
polyhedron with thg topology shown In the diagran, Then the midooint
locus |s computed and the new vertex is return, The ALGOL notation
usta s SAIL, which allows defining the character "o" as a COMMENT
delimiter and allows gefining XWC as a real numdber from the speclal
arra¥y named MEMORY, The MEMORY array In SAIL Is the job’s actual
machin® memory space and 9lves the user the freedom of accessing any
¥orc in his core image,

Tha Part¢s-Tree QOperations.

As shown in ¢figure 2,1, each body node has two paris=tree
| inks namad PART ancd COPART, The PART link is the head of a |ist of
subeparts of the body, When a body has no sub-parts the PART link is
the nefative of tha: body‘'s polnter; that |Is ths body points at
ftse . f, When a body has parts, the flrst part Is pointed at by PART
and the second !s pointed at by the COPART |ink of the first and s»o
on unt!! a negativa mointer ls retrieved which inaicates the end of
the parts |lst, The nggative polnter at the end of a osarts [ist
points back to the orginal tody, which is the supra-part or "supart"
of all those bodias in that list,

b The papts may be accessed by its |lnk namds PART ang COPART,
Ajsc the SUPART of a hody creturns the (positive) pointer to the
[ supart of a body, The BgDY operation raturns the pbody to which a face

edde Op vertex belongst this might be found by CGR’ing a FEV ring J
! until a bocy node ig reached, but for the sake of spesed each edge (as
shown {n fligure 2,3) has a PBOCY |Ink which points back to the body ;
te which the edge belongs, and since each face and vertex points at !
- an edGe; the body of an FEV entity can be retrieved by fatcking only .
one Oor two | inks,

Py
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Part Tree Jperatigns (continued),

The parts~trece {s aitered by the DET(B) oparaticn wWhich
removes a body 8 from Its supart and leaves [t hanging free; and the
ATT\81:82) operaticn which pifaces a free body Rl Irto the sarts Ilst
of a body B2, Since bodies are nade attached to the world ocdy and
gereral!y kept attached to something, two further parts=tree
operations are gprovided, compounding the fipst two in thz recessary
rarner, The DETACH{RQ) operation DET’s B from its current owner and
ATT’s it to the world; and the ATTACH(B1,B2) opsration «ill CET 31
from its supart and attach it to a new supart, In ncrmat {(pne worlid)
circumstances one only ne2ds to use ATTACH teo tuild thinss,

Perimreter Fetch and Store Operations,

There are Seven perimetar fetch prinitives, whigct awnen ¢iven
an €dde and oOne of it3 links will fetch another link ir & cerzain
fashion, Using the wingeg edde data structure these priritivas are
sgsily inplemented in a few machine instructions which tes+ the type
bits ano typically do one or two compares, Clockwise and counter
clockwise are always determined from the outside of & psiyhedron
looking down on a particular face, ecdge or vertex, | arc!o3i22 for
the nlich redundancy on the next page, tui felt that it «as necessary
to make the explanasigns independent for reference,

FIGL®E Z,* - Face Pgrimetsr Accessing witn respect tc eace E.
VCFH(Q'F) Yomocnevcelccenceand VCh(t,F)
\ /

\ F /
ECCH(E,F) ECL(E,®)

FlGLnEk 2,6 = Ver+tex Ferimeter Accessinig with presofct to 203e

t
i
!
FCCWlT, V) ! FCA(E, V)
s v
/N
/ \
/ \
/ \
ESCWlE, V) ECA(E, V)




PAGE L

The Pgrimgter Fetch Operations.,

E « LCW(E,F)} Get Egge Clockwise from & about F’s perimater,
E « ECUW(E,F); Get Edge Counter Clockwise from E about F’s perimeter,

.6iven an edge and a face belonging to that edge, the ECW
feteh primitive returns the next edue clockwisa belenging to the
given face’s perimeter and the ECCW fetch primitive returns the next
ed%e counter clockwWwise belonging to the given face’s perimster,

E « LCW(E,V); Get Edga Clockwise from E about V’s perimater, ,
E +» ECCL(E,v); Gat Edga Counter Clockwise from € about v’s perimater.

Given an edge and a vertex belonaing to that edge, tha ECH
fetch primitive returns the next edge clockwise belonjing to the
given Vegrtex’s perimeter and the ECCW fetch primitive returns the
nexy edge counter clockwise belonging ¢to the given vertex'’s
perimeter,

F t the face ciockwise from £ about V.
F et the face counter clockwise from E about V.

Given an egge and a vertex belonging to that edge, the FCW
fotch primitiva returns the face clockwise from the given edae about
the glven vertex and the FCCW fetch primitive returns the face
counter clockwise from the given edge about the gliven vertex.

V ¢« VCW(E,F); Get the vertex clockwise from E about F.
V « VCCW(E,F); Gat the vertex counter clockwise from £ about F,

Given an edge and a face belonging to that cdge, the VCHW
feteh primitive returns the vertex clockwise from the qiven edge
about ¢the gliven face and the VCCW fetch primitive returns the vertex
counter clockwise from the gliven edge about the given face,

F « UTHER(E,F); Get the othepr face of an edge,
V « GTRER(E,V)} Get the other vertex of an edge,

Givepn an gdge and one face of that edge the CTHER fetch
opriritive returns the other face befonging to that edge, Given an
edde and one vertex of that edge the OTHER fetch primitive retuens
the other vertex jelonging to that edge,

— e

a
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ITo C, Ejaborations on Winced Edoe Structure.

In this section, some variations on thre hzsic winged
edce structure ars given, These variations arise as ad2ptati=ns for

ry &oplication, and as unimclenented ideas fgr lnaprcvemanss. The
adaptations, shewn in figure 2.3, inciude adding serial numders anc
ALY llinrks to all the fatws, edges and vertices, Tne serial ~umdbers

crcvide another way of addressing ano are especially usefy! curlinn
inPLt apc output, The ALT tink |s used for pointing to a*citional tut
temcorary data; the most elaborate ALT data has to 0o with eajes
during a hladen |ine elinination, Sacrificing memory space for svees
and tlexipility, the face and edge coefficients are stopen i» each
noce, anrd the [nage goordinate (Xpp,Yop,Zup) and display scordinates
(X0c,Ydc) are acdzd to each vertex, In eladorate systems, the image
cooradinates moge! a canara and the disrlay coorains¢2g rafer to
lgcatior on a 3istlay console, Having twe tiers of  image
coordingtes allows scrolling about tre modeleg inage without cranilng
tre caffera (or neaven feorbidder, having to redo a wigser tine

od e

elirination;, The remaining so far urmentioned names ingiuda: tha
Tjoirt link in verticas which is for shados &na higrer line
oparations, the tne ) wora in faces which contains photom-:eia dasa,
e2nG the LQOCUR anc PNAME Jinks of a booy noge, which goirt 19 a
locatior-orientation =atrix and an ASCI] print nala respecctivaly,
Sacrificing speed for the sake of me-ory, zne offect of
having mest of the axtra data mentioned above can be achiaved b
recorputing it rather than fetching it, Furtherrore, the <ingad cata
StriCture can be rage slightly sraller by eliminating trs face and
vertéx rings, Face and vertex sequential accessind can stii! ce Jen2
by ravirc two mar«<ing oits in each face and vertsx,and by zhen “oing
thri  the edce rind lookina at the two faces and two vertices =»f eact

€gfe for ones that are not freshly narked., It wouid be nicz if such
ecorcnizing could be gone w2low the level of the operatians,

Fesices optirizations, the next imcrovement idea ] acula |ike
to attemct #ouid be to split tne notion of a bhoay iric the <+wo
notions of a "part" and a "cell"., Parts would have the parts tree
anc nafes tnat bodies no~ rave, whereas a cel| would hav:s volu~e and
face structure, In this hypothetical Cell, Face, Edge, Yertox (SFLV)
moCel, each face coylc point tc 2 cell on either side of i+, +ne c2l|
with tke lower serial n mper (or somethin3) veing cinstryeo as
exteriop, <Call nurse; zero would ne tve infinite void 0F three Space !
in which everytairc is earedded, The trodble vith CFEV g that the d
impertart matter of 2 oolykecron surface 7as to be salvarec
"ol oe ghanaonec, ctacausé moaels Without good surface re-re
car not predict aprearance, wnhich is one of Ny rejuireme~z

Preceding page blank
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A, EULER PRIMITIVES,

1+ BNEW & MWh2Fy;
2. KLEFEV(G);
Se YNEW « MKEV(F,V);

4, ENEW « MKF(Vy,F,V2):
5 VNEW « ESPLIT(E):
6+ F « KLFE(ENEW);
7+ E « KLEV({VNEW);
8e V « KLVE(ENEW);
9, B + GLYE(FL,F2);
# 13+ BNEW « UNGLUE(CD);

[SUMMARY OF PNLYHEDRQN PRIMITIVES,

make a btody, face 3 vertex,

kill a body § all its pieces,

make edge & vertex,

make face & edgse,

split 2n edge,

kil| face & w@edge lsaving a face,
kill egge & vertaX lsavirng an sgge.
kill veptex 8 edge leaviad a vartox.
gslue two faces together,

Jnglue along a seam containlng L.

B, SULID PRIMITIVES,

1+ VPEAK « PYRAMIO(F);
2« F « PRISM(F);

J¢ F o« CHPRISMOIND(F)
4, F « CCWPRISMOIN(F);
5. ROTCOM(F);

6, FYDUAL(B);

7+ BNEW « MKCOPY(B);
8y EVERT(B);

9, Bl « BUN(31,B2);
12, 81 « BIN(81,B2);

form @ pyramid on a face,
form a rectangufar prism,
form a clockwise prismoid,
form a counter clockwise prismoid,

complete a solid of rotation.

form face vertex dual of a ovody.
make a copy of a body.

turn a body surface insiZe out,

form union of body inter.iors.

form intersection of pody interiors,

C. GEOMETRIC PRIMITIVES,

1. TRANSLATE(Q,R);
2. ROTATE(Q,R);
3¢ DILATE(G,R);
4, REFLECT(3,R);

0, IMAGE PRIMITIVES,
1., PROJECTOR(CAMEKA, ADRLD)}
3¢ UCCULT(WORLD);

4, SHADOW(SUN,WwORLD);
5, TV « MKVIC(WINDOW,«ORLD)

s & & %

7+ R20 « CAREYE(TV);

=

urder construction, Oct 1972,

2¢ ELISTCLIPER(AINDTIW, WORLD);

.
H4

6, 820 « MKB2U(WINDOW,YWORLD)

L3

"




-

-

111, PRIMITIVES ON POLYHEDRA,

In this section a numbep of orimitives for c¢oing things to

polyhedera are explained, Although these primitives ape currently
Implemented using the winged edge data structure, they do not require
a particular polynedron representation, [ndeed, many of these

primitives ware originally Implemerted In a LEAP polyhedron
representation very similar to that of Falk, Feldman and Paul
{refereénce 51, Thus, the primitives of this section are on a level
log9ically independent from the operations of the previous section,

Another aspest of these primitives is that they san be used
as the basis of a "graphics language" or nore accurately as a fackage
of subroutines for geometric modeling In this vein, the prinitives
are currently colljected as a package called GEOMES for Ceometric
Mode | ing Embedded in SAIL: and as GEOMEL, Geometr!c Model|irg Embedded
In LISP, A thipd languase, called GEOMED, arises out of the sommand
langua9e of a geometric model edlitor based on the primitives,

The primitives are shown in four groups in the summary. The
first group, the Eutler Primitives, were Inspired by Coxeter’s nroof
of Fulepr’s formuja, section 10,3 of [reference 2], Althoug~ 4he proof
only required three primitives, additional ones of the sarte ilk Were
developea for cenvenlence, The second group is c¢omposei of some
polyhedron primitives that were coded using the fuler primitivas, The
thiroc 9roup Is for primitives that move bodles, faces, edses ang
vertices; or compute geomatric values such as length and vylume, Tris
grouh Is underdevelgped for two reasons: one, bacause ! have done
thege computations ad hoc to date; and two, bacause they Imply the
suybject of animation which Is large and difficult and not ~f <central
imbortance to vision, With the exception of the cameras -y wcrlds are
nearly (but not absolutely) static, A less impoverisned 13Jeometric

groud will be presented in the future, The final group, "“as thres
wel| developed »nrinitives for making 2D Iimages; and several
prirmitivas that w~hen finished wii! realize part OFf ¢he vision syster

that [ am teying to bulid,

PAGE 26
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111, Ay Euler Primigives,

As mentlon above, the Euler primitives are based on the Euler
Equation F-E+v = 2#B~2#H; where F, E, V, B and H stand for the number
cf faces, edjes, vertices, bodles and handies that exist, The +term
"handle" comes from topology, and |s the numper of well formed holes
fn a surfece; a sphere has no handles; a torus has one handle, and an
IsM  flowcharting template has 26 handles, The Euler eguation
restricts the possible topologies of FEV graphs that can be
polyhedra; although such Eulerlan polyhedra do not .ecessarily
corrésbond to what we normally call a solid classical polyhedron,
Strict adherence to constructing a polyhedron that satisflies Euler
equation F=E+V = 243 « 2#H would require only four primitives:

+F «E 4V = 248 » 2aH

i Make BOdy, Face and Vertex *1000.*100:-*1000000
2. Make Ed98 and Vertex. 000-1 ‘1.000--000000
3 Make Face and Edgﬂ. +1 'looooooo.ooooo.o
4, Glue two faces of one body, =2 *N =N,.ocserore®l

4.‘ G'Ua two faces Of twﬂ bOd‘QSQ '2 +N "N.ooo'looaa..

HoweVar, thae four corresponding destructive oprimitives are also
possible and desiraple:
+F =t 4V = 24B « 2aH

1, Kill Body, face and Vertex '1090.'1000-’10'00o.
2' K"l Edgﬂ and VOrtGX. 000*1 -1o:ooool|tcao
3 Kill Face and Edga. -1 +1oooooooo-0000o.
4. Ungiye along a seam. +2 =N *Noooooc!ooq'l
4,’ Unglye along a s3aam, =2 +N 'Nooo"loooooo

And tinaily the operation of sp|litting an edge at a midpoint into two
edges oecame so important In forming Tt-Jjoints during hidden I|ine
elirination that the ESPLIT primitive was Introduced in placa of the
equivalent KLFE, MKEV, MKFE seguence,

In using the Euler primitives, some non=classica! polyhedra
are tolerated as transitional states of the construction; these
transitional states are called:

Seminal Ppolyhedron,

Wire Polyhedron,

Lamina Polyhedron.,

She|! Polyhgdron,

Face with Wire Spurs on Its perimeter.

A seminai pojvyhedron is Iike a points a wWire poivhedron is |inear
with two ends Ilke a single piece of wire; lamina and shel| polyhedra
are surfaces, and the picturesaue phrase about spurs is a restriction
on how faces are dlssected Into more faces. These terms will be
exclainee in more datal!l when they are needed,
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i I1l, Ay Eulep Primitives,

1. ENEW « MKBFV: Make Semina| Body.

The MKBFy primitive peturns a body with one face and one
' vertex and no edoges, Other bodles are formed by appiying primitives
to the seminal| MK&6FV body, The seminal body ls initially attached as

a part of the worid,

2, KLBFEV(BNEW); Kiti Body and al| its pleces,

The KLBFzV primittve will detach and delete fram memory the
boody glvan as an arsument as well as all its faces, edgss, vartices
ant syubeparts,

‘ 3, VNEW & MKEV(F,Vv); Make an edge and a vertex.

The MKEV primjtive takes a face, F, and 2 vertex, v, of F's
perireter and it creates a new edge, ENEW, and a new veptax, VNEW.
ENEW ang VNEW &are calied a "wire spur™ at V on F, HKEV returns ¢the
newly mrade vertex, VNEW; ENEW can be reached since PED(VMNEW) Is
¢ ajways ENEW, On|y one wire spur Is aliowed at Vv on F at a ¢ime,

when applied to the face of a seminal pody, MKEY forms ¢the
special polyhedron called a "wire" and returns the new vertex as the

"negative" end of the wire, A wirv polyhedron is illustrated in
figure 3.1, When applled to the negat!ve end of a wire, MKEV extends
i the wire; however if applied to any other vertax of the wire, MKEY
refusesS to change anything and merel|y returns its vartex argument,
Figure 3.1 = 4 Wire Polyhedron, Figure 3,2 =~ VNENe"KEV(F,V);
seminal vertex e Vi1 +V
S poSitive end +| of Wirs, FARY
1 £1 / leeeebNEd 3pur,
- /7 '\
s V2 / =VNEW \
*+1 / \
| E2 / F \
negative end ~] of wirer / \

Iatest vertex & V3 Owractrocccpnananned
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o MAKE A CUHE;

INTEGEK PROCEDURE MKCURE:

BEGIN "MKCUBE"

INTEGER B,F,E,V1,V2,V3,V4;

o ChEATE SEMINAL SOLYHEDRON;

b « MKRFV; F « PFACE(BY: Vi « PVT(B);
XWC(V1)e+qs YAC(VL) e+l ZWC(V1ye=1;
@ MAKE SEMINAL POLYWEDRON INTO A LAMINA POLYHEDRON;
V2 « MKEV(F,V1); XNC(V2)e=1:

V3 e MKEV(F,Vv2); YHC(V3)e=1:

V4 « MKEV(F,V3); XWC(V4)e+1;

F e MKFE(VL,F,V4);

o MAKE FOUR SPURS ON THE LAMINA;

Vi « MKEV(F,V1); ZWC(Vide+l;

V2 « MKEV(F,V2);

VZ ¢ MKEV(F,V3);

V4 « MKEV(F,V4);

@ JGIN SPURS TO FCRM FINAL FACES;

E & MKFE(VL,F,V2);

E « MKFE(V2,F,Vv3);

£« MKFE(V3,F,Vv4);

£« MKFE(V4,F,V1):

RETURN(R) ;

[END "MKCUBE";

FTSURE 3.4 = 740 £Xa¥PLES USING EULER PRIMITIVES, (see page 32),

Ja FCKM A PYRAMID QN A FACE:

INTEGEN PROCFDUKME PYRAMID (INTEGER F);

BEGIN  "PYRAMID"

INTEGER V,V0,E,F2,PEAK,EX;

REAL X,V,Z2: INTEGER I3

AeYeZelel;

lo GET A VERTEX OF THE FACE aND MAKE A SPUR TO A PEAK:
EeBLAePET(F);

VB & VOW(ED, T3

PEAK « MKEV(F,V2);

@ CONNECT THE OTHER VERTICES OF THE FACE TO TH[ PZak;
AHILE TRUEL 20

LesIn
V s JCCHLR,FY;
Xe X+ XHC (V) YeY+YRC(V); Fe2+ENC(Y);
T9CREML(1)Y
1T v=y2 THAZN DCANES
T e ECCW(E,F);
CX « MKFE{PEAK,F,V);
END;

a POSITION THE PFar VERTEX AT THE CENTER OF THE FACE:
YAC(PEAK)Y=X/T;  YAC(FEAK)®Y/];  ZAT(PEAK)«2/1;
SET ISN(FE ARY

p.t o "PYANIO";
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4, ENLW « MKFE(VL,F,V2);

The MKFE primitive can be thought of as a face spiit. Given
a facs and two of (is vertices, MKFE forms a8 now face on the
clockwise slde of the Iline Vv1I to V2 leaving the old face on the
counter clockwise side, V1 becomes the PVT of ENEWA, V2 opecomes ¢he
NVT  of ENEW, F becomes the PFACE of ENEW and FNEW pecomas the NFACE
of ENEW; also ENEW becomes the PED of F and FNEW,

Figuyre 3,3 =~ MKFE apnd KLFE,

BEFORE MgFE AFTER ENEHeMXFE(VL,F,v2:
@ [ J 9 3
/7 \ /7 \ / \ / \
/ \ / \ / \ / \
/ \ v/ \ / \ 7/ \
/ ° \ / +vi \
¢ / \ / =FNEW | +F \
® v ° ® |eeelNEA a
\ / \ ! /
\ ® / \ -\ 2 /
\ /7 \ / \ / \ /
\ / \ 7/ \ / \ /
{ \N/ \ 7/ \N/ N/
[ J @ [ ®
AFTER FeKLFE(EMEWY BEFCRE KLFE

MKFE is also used to join the two ends of a wire oolynedeon
to form a "lamina"; or tne two ends of wire spurs to split a face; or
an end of a wire spur and a regular perimeter veptex to split a face,
A "|amira polyhedron” has only two faces and thus no volume,

[ 2l

EULER EXAMPLES,

o~

The use of the prinmitives discussed sg far is illustrated by
the exagmple subrouytines in figures 3.4 on paje 29, The make cube
1 sutroutine starts by placingd a seminal vartex at (1,1,1): Than a Ajire
of three edges Is made usind the MKEV primitive, As the code implies,
b MKEv places Its naw vertex at the locus of the old one, The ends of
the wire are Joined with a MKFE %40 form a lamina polyhadron, then a
i { spup is placed on ezch ¢f the vertices of the lamina, and finally the
1 spurs are Jolned,

The pyramid exanple s more r2alistic, since polynedra are
ngt gengrated exX nihil|, but rather arise out of the vision routines
- and the geometric sditor. PYRAMID takes a fage as an arqu~ent (whigh
{ ¢ is assUred to have no spurs) and runs a spur from one vVertax to the
ridale of the faces, then all the remaining vertices of tne face are
Joined to that snur to form a pyramid.
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ITL, a¢ Eylay Primisives., (Congingeg).

5, VAEW « ESFLIT(Z); Edqge Spiig,

This nprimigive splits an edge by making a new vertex and a
Ne~ ed3%e, Jts Imalemantation is very similar to the miapaj~t exampie
On page 19, FSPLIT ;s heavily used in the “idgen line e{irinator,

6, F ¢ KLFE(ENEW); Kill Face Enage,

This prilmitive Kills a face snd an edge |eaving c¢=e face.
Sirce this orimitive ig iptenced 10 be an inverse of MKFE, the NEACE
of ENEW is killed, Fowever the NFACE and PFACE of an edge =ay be
Swer~e0 by using the [NVFRT({) primitive, See Figure 3,3 fer KLFC,

7, £ « KLEV(VNEW); Kill Ecge vertex,

Tnis priaitive kills an @d3e and a vertex leavins gre eCce.
Tris ocrimitiva will 2!{%inat2 spurs made with MKEV ard nigcai~ts made
Witk £S5FILIT; in a cure forn It woulc hava +g leave vertices «ith =
valence greater tNan twWwo untouched, however it in fact "u=-ayramias®
tner with a serlag of KLFE’s and than kilils the remaininy spur,

B, V +» KLVL(ENEW); Kill veptex Edg3e,

This prinmjtive xills a vertex ang an edge leaving sn2 vertex,
This primitive Is tse face-vertex dual of KLFE, namely inctead of
Killing NFACE of £ and fixing up PFACE’'s perirater, KLEV kills ¢the
NVT ¢f E ang flixas ¢o PYT of E's Perimater.

9. b + GLUE(F1,F2); Glue two faces,

This oprimitive slues two faces touvether forming ome nza nody
oyt of t«0 o0ja ones (<ne cody of Fi surviveg) gor formirg a handle on
the civen uo0dy, The nymber of odges In tne two faces mus¢ =2 the same
ans tn2ir orlentation should Le opposite {exterior to axterior),

*1¢, 3NEW & UNGLUT (D) ; Unziue along seanm, *not inple-entsd.

This oprimitive unglues alonc the seam contairing £, The
UNGLUL primitive reguires that a loop of eages ta narked asz 2 "seam"
ajer3 which unglye w€ii| form two opposite faces, The rmir.s are® made
in the temporary t¥oe di¢ In ¢hre edge nodeg of the civen bedy, If
the cut forms <wp 1isjoint bodies then a new D0JY 1S =ale on +he
NFaCt side of the original & argument,

Preceding page blank
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111, By SOLID PRIMITIVES,

1., VPEAK « PYRAMID(F);
2, F + PRISM(F);

3, F « CWPRISMIOD(F);
4, F « CCWPRISMIOD(F);

These four primitives are called the "sweep primitives",
because they form a simple polyhedro.n from a face in a fashion that
appears |lke sweeping the face along, The sweep primitives (with the
exception of PYRAMID) do not change the location of the given face
but merely copy its perimeter, forming new faces and edges between
the old perimeter and the new perimeter, The pyramid oprimitive has
ajready appeared as an exampie on page 29.

Starting with a nine sided face lamina, the rocket in figure
3,6 was formed from the bottom by sweeping two prism stages, then two
counter clockwise prismoid stages, and then two clockWwise oprismoid
stages, and finalily one pyramid to form the nose cone, The fims were
made bY prism sweeping everythlrd face of the first stage,

FIGURE 3.6 - Rockets made with sweep primitives.

‘e
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111, By SOLID PRIMITIVES, (continued).
S5, RUTCOM(F)3 Rotation Completion,

As lllustrated in the flrst three frames of figure 3.7 oelow,
wire faces can be swept to form a shaell, When a wire face |s swert by
a sweep oprimitive (other than pyramid) it Is marked as a shell face
of rotation and its orlginal pepimeter count is kept for |ater sweeps
to reter to, In the third frame the shell has besn positioned so
that Its siot can be seen, The shel| face now includas al| the edges
of both Dpole caps as welil as the twn meridlans of the slot, ROTCOM
takes such a shel| face and breaks it into two polar faces and as
many other faies as necessary, by means of the count that was savec,

FIGURE 3.7 - Solid formed by rotation.
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Fuclid's construction of a dodecahedron from a cube.

FIGURE 3.8 -~ Dual of a Dodecahedron.
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ITl, By Solld Primigives, (continued).
6, FVDUAL(B);
7. BNEW«MKCOPY(H);
These two primltives illustrate the extremes from 4 class of

Tisce)laneous oprimjtives, FVDUAL is a worthless curosity and MKCOPY
is quite useful but uninteresting, FVDUAL(B) of a body charges all
the taces of a bodY ifnto Vertices and all the vertices into faces, in
the winged edge data structure this merely requires computing a locus
for each face (its center), re="typing" faces and vertizes, and then
swapting the face ard vertex Iink positions in each facs, ¢dge and
b vertex of the body,

Figure 3.8 illustrates Euclid’s con truc:fcn, of a
dodecahedron from a cube, the uni< gube is formed, then al] its edges

are midpointed and translated ©,2 wunits into the throe pairs of

C paralle] faces; then the midpolats ars lifted @,3 units off tha plane
* of sach face of the cybe; then MXFE s applied six times to split +he
eicht sided faces into five slided faces; giving a dodacahedron

(neariy regular), 4Applying the FVOUAL to the dodecahedron yields the
icosahearon,

P
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I11. B, Solld Primisiyves., (conginyed).

. LVERT(8);
. B81+pUN(31,82);
7. BlepgIN(B1,B2);

These thr2e oprimltives perform the w#oolaar operations on
polyhedron Interior votumes. EVERT(B) turns & bocdy insicde out, thus
chapging a cube into a room, as a solid into a bubole, Ccjacts with
infinite "interiors" are permissibie; such polyhedra are impossitle
in many classical! developaments of solic geometry which make the
interior of a polyhedron to be the region of space with finite
velure, by defimition, The body wunion is RPUN, which allows Bl to
syrvive if the Interiors of the todiaes are not disjoint, A boay wlth
tw0 disdoint polyha<rons Is shunned, The bogy intersectior is SI1N,
shich allows Bl to survive if the interiors of ths bodies ar3 not
disjoint,

s
o
-
TWO BODIES BODY UMION
FIGURE 3.9
BODY INTERSECTION BODY SUBTRACTION
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C, GEOMETRIC PRIMIT]VES,

1, TRANSLATE(Q,R); Q@ argumant is a body, face, edge or vertex,
2, RUTATE(Q,R); ] argument is a transformation array with
3, DILATE(Q,R); réspect to world coordinates,

4, REFLECT(Q,R);

The four Euclidean transformations are translation, rotation,
refiection ana dilatlon; and as first mentioned in Klein’s Erlangen
Program, 1872, these four primitives form a group, The primitives may
oe appliced to bodies, faces, edges or vertices in orcder to change
vertex world locii, Thus a body Is the set of vertices in its vertax
rings, a face Is the set of vertices on its perimeter, an adge is the
two Vertices which are its ends, and a single vertex is jtself; hut
there are special cases having to do with faces, (In GEOMED a
special counter, negative Fcnt, Is maintained in wire sweer faces in
order to make solids of rotaticn). The second argument R !s a nolnter
to a transformation array In world coordinates of four rews snd three
coluymns:

XWCs» YWC,» ZWC

IX, 1Y, I

dX,  JY, JZE

KX, KY, KZ

For trargslation, only the XAC, Y4C and ZWC are invoived and all tne
vertices ara translated in the obvious fashion:

X & A + XWC; Y « ¥ + YWC; 2 « 2 + ZWC;

whereas for rotation (dilaticn and reflegtion) the inmermost
corputation app'ied tg eacn vertex js:

X « X + XyC: Y « Y + YWC; Z « 7 + BWC;
XX & IX#x + lysy + |Zué;

YY & JUX#X + JYsY + JZeZ;

2¢ ¢ Kyey + Kyav + hZeg}

A XX " XWCs Y « YY « YiC3 2 « 72 - 24Ci

At this point,] shouy!d now present a few general primitives for
satting up such transformation arrays, but | don’t have them yat. The
crople™ involves selectingd frames of references, strength of
transformation, axas of transformations, origins of frames and mecdes
such as absoluts, relative or interpolated, At present In my
appnlications these matterS ar8 hanaled ad hoc¢ (the most JeEnerpal
soiution belng the IATREL and EUCLID subroutines of GECMED), The
heart ¢f derivinyg a transformation array is to gat a frame of
reference REF anc aq amount of rotatlion DEL and to compute the mateix
nrocucgt:
R « (transpose(REF)cross(DEL cross REF)):

For ditation (larger or smaller) cross DEL with a non-urjty diadonai
Tatrix; for reflections flip the rov signs on zesirecd axes,

(4]

a4
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J. IMAGE FRINITIVES,

1, PROJECTOR(CAMERA,WORLD);

2. ELISTeCLIPER(WINDOW, WORLD);
3, CCCULT(W3IRLD);

4, SHADOA(SUN,%IRLD)S

5. TV & MRVIJ(NINDOW, 40RLD)
6. 3420 « MKB2D(WINDOW,d2RLD):
7. P20 « CAREZYE(TV):

¥ & 2

*

urder construction, Ogt 1972,

FROVECTOR cemputes tne perspective projected locus 3f all ine
vertices in a Given world from a given camera, CLIPFR comout2s the
portions of 3D lings tha* are visible within a given display +indaw,
OCCULT ccmpares all the adoes, faces and vertices ina diven wWorid:
usirnG their current prolected coordinates; faces, adJes ang vartises
that are not visiole from the Implied camera’s viawpoint z2e8 narked
as hidgen; facas, odoes and vertices that ar2 visinle ape =marked as
visibie; and faces, eddes ann vertices that were initially sartiaily
visibie are broken up into vislble and hidden portigoas. The new
faces, edges and vertices introduced by 2CCULT =re merres s0 that
they can be removad,

The following four primitives are stili bpein3 daveloped,
SHAGUW will l1teraliy buiid a world witn shadows in it; shkadow calls
OCCULLT twice, once for the SUN and once for the camera, Tnere IS no
conceptua!l difficuity in doings many point sources, but ! shall get
one souprce working gt a time, The MKVID primitive gzererates TV
intensity rasters from <he world modal after OCCULT or SHAJOW has
veen abplied, The vKB2T primitive generates a 2D data structyre of
realons ,nd eagdes (Which is glmost 5 copy of the 3D strugture thpt
has been presented, ocut #ith special attention paid to Te-ioints);
thig 620 data structure is an image model, Finally, +he CAREYE
ceiritive converts TV intensity rasters into B2D image structure, A
cetaileg alscription of these image primitives can no*t me Jiven at
this ti7te (OCT 1972), because I haven't finished making then,

Py ————
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Ive APPLICATIONS,

Tha single aoplicaticn around whicn the 2eometric =pde!ing of
tris pagar Is beiry oyilt is for a computer televisien visjon (TVV ?)
system for lookliny at real #orld scenes, | bejieve +hat a1 computer
Tyst have a neans of representlng what ;t is intendegd ts see anc
further that the repregsentation must have (im principle) an inverse
relatior te a t2levision image, My first premise s rarely
auestiored, the segond premise is frequentity questlioned, One
aiternative DCS‘tion iS that so called "featUrQs" can oe extracted
from a” imaje and then used by a heuristic problam salver tc find an
association oetween tha percelved features and previcus general
knowleage; It is ther stated that there is no need to co from the
general knowledge or even from the so called image "feagures" pack
dowr t0 a television image, aven just in principle, ! wWish +6 state
the oPposite, thers is a neea to go from the Jemeral represantation
to a television image 'n order to devalop computer Visice Without

"gvingd to solve gev ral 2ther problems of artificial intejligence.
Apoilcations of geometric =0ag2ling other than talevicion vision mignt
Include: architestyral dradin3, cowouter animation, anc moceling for

laser, radar, and sonar ima3e systems,

Preceding page blank
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v, A, ¥oceling! GEpMED - a drawing program,

CEOMED), Segmetric Model Editors is-for making and editing
oolyheadra, The ¢command language of GEOMED rrovides ¢the Euler
oricitives In the g¢ontext of a push down stack (the PADPDL) of
oociess faces, edgeg and vertices, The maln difference between an
interactive proaram and a programming |anguage being that the former
carrioas along a working context so that most arguments anJ data do
ngt Nave to ce explicitiy namaqa, i

- make semina| vertex body,
- make sdge and vertex.
make edge and face,
alue two faces,

[ SR

In addition to the stack, GEOMED provides frames of reference
for the Euclidean ¢transformations; there is a world frame, body
frares, camera frames, relative frame and face frames, Also the
strength of a Euc)idean transformation can be halved or Zouble, set
directly or entered numericalliy In several kinds of units. And
finally the transformation can be done once or repeated!jy by keying
chords of Stanford’s extra shift keys named "contro!" and "mata" wlth
a 3 ¢ () - or * character. These characters are not mnemonics but
vwere chosen because of thier positions on the keyboard,

L - transfoem about X-axlig,

() - transform about Y-axlis.

- - transform about Z-axis,
no ghifts ~ TRANSLATION,

a - control - ROTATION.

3 - mata - DILATION.

€ - mgta~gcontrol = REFLECTION,

Finally, GEOMEDC oproviges access to all the solid primitives
anc hidgen line siimination, ajong with .commands for <+he stack,

incut, output, displays, and switch toggling, The commands are
detailec in the operating note, SAILON=68, along with a |Ilst of
GECMES and GEOMEL subroutines, Two examples shoul|d suffice to
ittustrate how concise anrd illagible GEOMED .command strings are!
1, VIINESE(E:Je/aSat forms a cube,
2, VIGEsEaEsEwzaEwEw Je!

\\:i85)5)5)8)5)8)5)8)G6 forms a torus.

Thus 2 polyhadron can b9 réepresented in a few characters {which must
be compiled); one might hope that -such a "representation by
gereration" coula oprovide a Iink betwsen semantic and geometric
rooels. The hard ciregtion is to get from a poiyhedron modet to the
torrand s¢ring,
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Ive B, Graphlcs: OCCULY - a hidden |ine eliminator,

CCCULT is a hidden |ine eiiminator; it is neither a Watkins
nor a warnock algorithm byt is rather a throw=-back to the naive idea
of combaring each edge with all the other edges and having ways to

F] dampén the potentially large number of comparisons that might occur,

There are three kinds of dampening in OCCULT, The first (used
in other hidden eliminators) is to get rid of the faces that have
their tacks to the camera and to consider for comparision only the
eddes With ome potentielly visible face, These edges are called

) "folds", The second kind of dampening, Is to hide everything
connscted to the hidden portion of an edge when a fold crossing s
discovered, this is made possible by the wingsd edge primitives which
ailow Polyhadron surfaces ¢to be easliy traversed <topologically; and
by the Euler primitives which allows the edges tv be qulgkly broken
into visible and hidden portions without losing their topolegy, The

0y third kind of dampaning Involves having a raster of edge buckets to
localliZe the comparisons,

The reason for doing hldden |ine ejimination in this fashion
Ils to get the topology of the image reglons and edges in a modejed
scene Including the shadows, OCCULT was used ¢to make sgome of ¢he
tigures that appeared eariiep I!a ¢this papers for example the arm
mode! In fligure 1,2, (whigh required twalve seconds of PDP«1f gompuyte
time), A paper on OCCULT should be available before the end of the
yeap, 1972,

lvy, C, Visiont CAREYE = a video region-edge finder,

CAREYE, Cart Eye, is ihe oldest, most rewritten, yet least
finished part of the gppliocation, At present Its best trick Is to
take a Television i{mage and convert It into video Intensity contour
|ines similar t0 thosy discuused by Krakaur and Hoen (tof M,I1.T.),
Frpor VIC, Video Intensity Contours, the Image goes through two
processes: first, the camera |oous=orlentation for the Image Is
soived by finding feature points fn the image that coorespond with
known land mark pofnt !'n the world; and second, after the camera s
solvedisthe locus of previously unknown regions of the Imgge must be
added to the world mogels the third dimension of such unknown reglons
beind assumad to be very large, untll evidence Is found In succeeding
images that make the reglion "pop out" of the background, These ¢wo
Drocesses are calijed Camera Locuys Solving and Body Locus Solving;
CAMLS and BODLSs and are the missing 1inks In making polyhedron
models merely by looking at obJects and scenes of objects.,
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